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SUMMARY 
A survey  is  made  of  the  problems  introduced  by  the  increased  longi- 
tudinal  stability  and  the  reduced  directional  stability  of  aircraft 
operating  in  the  low  supersonic  speed  range.  The  longitudinal  stability 
increases  markedly  at  supersonic  speeds  and  results  in  high  drags  due  to 
trimming  and  in  limited  control  for  maneuvering.  The  large  untrimmed 
pitching  moments  can  be  reduced  and  the  control  requirements  alleviated 
to  some  extent  through  the  use  of  fuselage  camber.  The  use  of  canard 
configurations  offers  some  promise  of  reducing  the  drag  due  to  trimming 
and  increasing  the  controllability. 
The  directional  stability  generally  deteriorates  rapidly  at  super- 
sonic  speeds  because of the  reduction in vertical-tail  lift-curve  slope 
coupled  with  the  large  unstable  yawing  moment  of  the  fuselage.  The 
vertical-tail  contribution  is  shown  to  be  affected  by  many  factors 
including  the  wing  position,  the  fuselage  shape,  and  the  horizontal-tail 
position. The directional  stability  can  be  increased,  particularly  at 
high  angles of attack,  by  such  devices  as  ventral  fins  and  forebody 
strakes.  In  addition,  indications  are  that  the  directional  stability 
might  be  improved  through  modifications  to  the  fuselage  afterbody. 
INTRODUCTION 
Aircraft  advancing  from  subsonic  to  low  supersonic  speeds  frequently 
encounter  performance  and  control  problems  as  a  result  of  significant 
changes  in  static  stability  characteristics.  These  changes,  which  are 
usually  evident  as  increased  longitudinal  stability  and  reduced  direc- 
tional  stability,  are  a  result of various  changes in the  aerodynamic 
characteristics  of  the  lifting  surfaces  and  of  changes in the  aerodynamic 
interference  effects  between  various  components  that  occur  with  increasing 




with  Mach  number  might  be  reduced  through  the 
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- use  of thin  sec- 
tions  and  low-aspect-ratio  plan  forms.  "he  chiages  in  interference 
effects,  and  to  some  extent  the  effects  of  the  lifting-surface  aerodynamic 
changes, might be  offset  through  changes in the  aircraft  design. 
Some  effects  of  aircraft  configuration  on  the  stability  character- 
istics  at  supersonic  speeds  have  been  presented in reference 1. This 
paper  provides a summary  of  some  current  thoughts  and  studies  on  the 
causes  of,  and  possible  corrections  for,  the  static  longitudinal  and 
directional  stability  and  control  problems  of  supersonic  aircraft  config- 
urations.  The  discussion  is  based  primarily on results  obtained in  the 
Langley 4- by  4-foot  supersonic  pressure  tunnel  for  Mach  numbers  from 1.41 
to 2.01, although  some  limited  results  are  given  for  high  subsonic  speeds, 
and  the  supersonic Mach number  range  for  one  configuration  extends  from 
1.41 to 4.65. 
The  longitudinal  stability  characteristics  are  referred  to  the  wind- 
axis  system  whereas  the  lateral  stability  characteristics  are  referred 
to  the  body-axis  system.  The  symbols  are  defined  as  follows: 
bV 
CD drag  coefficient 
vertical-tail  span 
CL lift  coefficient 
Cm pitching-moment  coefficient 
Cn yawing-moment  coefficient 
cP pressure  coefficient, 
P - P, 
s, 
C V vertical-tail  chord  at  any  station 
mean  vertical-tail  chord EV 
C Y section  lateral-force  coefficient 
pitching-moment  coefficient  at zero lift Cm, 0 
cLa lift-curve  slope 
. . .  3 
effective dihedral parameter 
d i r e c t i o n a l   s t a b i l i t y  parameter 
lateral-force parameter 
increment of provided by v e r t i c a l  t a i l  
cyP 
fuselage diameter 
l i f t -d rag   r a t io  
Mach number 
loca l  s t a t i c  p re s su re  
free-stream static pressure 
free-stream dynamic pressure 
longitudinal distance along vertical  t a i l  
ve r t i ca l   d i s t ance   a long   ve r t i ca l  t a i l  
wing height 
angle of a t tack 
angle of s i d e s l i p  
hor izonta l - ta i l  def lec t ion ,  pos i t ive  wi th  t ra i l ing  edge down 
canard deflection, posit ive with trail ing edge down 
elevon def lect ion,  posi t ive with t ra i l ing edge down 
fuselage-forebody deflection 
(cyP)wBv - ("'P). 
v e r t i c a l - t a i l   f a c t o r ,  
(CYp)BV - ("P)B 
l ong i tud ina l   s t ab i l i t y  parameter 







Components and Subscripts 
fuselage (body) 
horizontal  t a i l  
wing 
v e r t i c a l  t a i l  
m a x i m u m  
minimum 
DISCUSSION 
Longitudinal Stabil i ty 
The primary problem of longi tudina l  s tab i l i ty  for  supersonic  a i rc raf t  
configurations i s  the increased s tabi l i ty  which occws through the tran- 
sonic range and the  resu l tan t  la rge  s ta t ic  margins a t  lower supersonic 
speeds. This increased s tabi l i ty ,  as  pointed out  in  reference 1, usually 
r e s u l t s  from the combined e f f ec t s  of a rearward shift in  the  cen te r  of 
pressure of the wing, the loss of wing downwash a t  t h e  tai l ,  and the 
s tabi l iz ing inf luence of the wing l i f t  carried over to the fuselage after-  
body.  Although this increased  s tab i l i ty  i s  not a dangerous  condition, it 
can r e su l t  i n  s e r ious  l imi t a t ions  to  the  a i r c ra f t  performance. These 
l imi ta t ions  a r i se  from the  f ac t  tha t  the  excess ive  s ta t ic  margins occurring 
a t  low supersonic speeds result in large pitching moments that must be 
trimmed through large deflections of the pi tch control  and th i s  e f f ec t ,  of 
course,  results in increased t r i m  drag. Moreover, for tail-rearward designs 
(designs with controls behind the center of gravity),  the control deflec- 
t ions required for  trimming produce substantial negative increments of 
l i f t .  Thus, i n  order  to  t r i m  a t  a given l i f t ,  a higher angle of a t tack  
w i t h  an attendant drag increase i s  required and the  r e su l t  i s  generally 
a marked reduct ion  in  L/D due t o  trimming. In  addition, i f  large  deflec- 
t ions  of the control  are  required for  trimming, the amount of control 
def lect ion avai lable  for  maneuvering w i l l  be small. 
The primary f ac to r s  t ha t  govern the magnitude of the pi tching moment 
t o  be trimmed a t  a given l i f t  are the pitching-moment coef f ic ien t  a t  zero  
des ign  charac te r i s t ics  a t  low supersonic speeds would be those that increase 
the  posit ive  value of C,,o or decrease  the  negative  slope of a&/aCL, 
inasmuch as  these character is t ics  would tend t o  reduce the control deflec- 
t ions  required  for  trimming. Some of the  factors  that a f fec t  Cm,, and 
aCm/aC,  are discussed in the subsequent 'sections. 
l i f t  cm, and the  slope of the pitching-moment curve aC&lC,. Desirable -
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Effects of fuselage camber.- One  means of varying Cm,o f o r  a basic 
configuration i s  through the use of fuselage camber. Such a plan has been 
discussed i n  reference 1, and the  e f fec ts  of fuselage camber f o r  a 60’ 
delta-wing-fuselage Combination a t  M = 1.61 are presented in reference 2. 
These r e su l t s ,  which a re  reproduced i n  f i g u r e  1, indica te  tha t  the  cambered 
fuselage produces a constant pitching-moment increment throughout t he  l i f t  
range with no s ignif icant  increase in  drag and hence should be useful i n  
alleviating the pitch-control requirements and the attendant drag due t o  
trimming. Results obtained i n  t h e  Langley 8-foot transonic tunnel a t  high 
subsonic and transonic speeds for the configurations shown i n  f i g u r e  1 
indica te  essent ia l ly  the  same increment of Cm,o as that obtained at 
M = 1.61 although the static margin i s  lower.  This fact should be con- 
s idered in  assessing the meri ts  of f ixed fuselage camber. 
Another form of t h e  cambered fuselage effect  can be realized through 
the use of a deflected forebody which has the advantage of being adjustable 
i n  f l i g h t .  The e f f ec t s  of deflecting the forebody of a 4 5 O  swept-wing- 
fuselage Combination a t  M = 2.01 a re  shown i n  f i g u r e  2. Deflections of 
t he  forebody  provide  progressive  shifts i n  Cm similar t o  t h a t  provided 
by conventional pitch controls but without any increase in drag. Although 
the def lect ions shown are  oppos i te  to  those  requi red  for  trimming a t  
posit ive l i f t s ,  upward deflections of the nose would be expected t o  pro- 
vide  positive  increments of C,,. 
Effect  of ve r t i ca l  l oca t ion  of horizontal  t a i l . -  The ve r t i ca l  l oca t ion  
of the horizontal  t a i l  has a s ign i f icant  e f fec t  on the longitudinal sta- 
b i l i t y  and cont ro l  charac te r i s t ics .  A primary consideration a t  subsonic 
speeds i s  the location of t he  t a i l  with respect  to  the wing downwash f i e l d .  
Generally it i s  advantageous, particularly for swept-wing configurations, 
t o  place the t a i l  on or  below the  extended chord plane of t he  wing i n  
order t o  avoid the regions of high downwash variation with angle of a t tack 
that lead to pitch-up. Unfortunately,  these low-tail  posit ions usually 
aggravate the problem of excessive longi tudinal  s tabi l i ty  a t  supersonic 
speeds, inasmuch as t h e   t a i l  may encounter a f i e l d  of upwash from the  
fuselage.  (See  refs. 3 t o  5 ,  f o r  example. ) 
High horizontal  ta i ls ,  on the other hand, have some benef ic ia l  e f fec ts  
a t  supersonic  speeds. As  shown in reference 3, f o r  example, subs tan t ia l  
increases  in  trim l i f t  were obtained through the posi t ive shif ts  in  Cm,o 
provided by a relat ively high-tai l  configurat ion a t  M = 2.01. However, 
such t a i l  posit ions would probably cause undesirable pitch-up tendencies 
a t  subsonic and law supersonic speeds. 
Some e f f e c t s  of Mach number on Cm,o and hC,/aCL for a 45’ 
sweptback-wing  and t a i l  configuration are shown i n  f i g u r e  3. These r e s u l t s  
ind ica te  ra ther  la rge  changes for  the high horizontal  t a i l s  and r e l a t i v e l y  
6 
”. 
small changes f o r  t h e  low hor i zon ta l  t a i l s .  With the  h ighes t  t a i l ,  f o r  
example, values of both Cm,o and aCm/aC, decrease  with  increasing 
Mach  number (a  s imi la r  e f fec t  was noted i n   r e f .  6 for a high-tail config- 
uration).  For the  second  highest   ai l ,  however, Cm,o increases and 
&&/aCL decreases  with Mach  number ( f ig .  3). Similar  resul ts  were 
obtained with a high wing and with the wing removed. Although cer ta in  
combinations of C and aCm/aC,  may r e s u l t   i n  improved  performance 
a t  a given Mach number, the large var ia t ion in  these quant i t ies  with Mach 
number may l e a d  t o  some undesirable characterist ics.  In particular,  the 
var ia t ion of control   def lect ion  for  t r i m  with Mach number may be undesir- 
ably nonlinear. 
m, 0 
The va r i a t ion  in  Cm with horizontal- ta i l  posi t ion at  supersonic  
speeds appears t o  be   r e l a t ed   t o   t he   ve r t i ca l - t a i l  induced flow-field 
e f f ec t s  on the  ho r i zon ta l  t a i l .  Notice, f o r  example, the difference in  
the increment of Cm,o provided by the t a i l s  j u s t  above and ju s t  below 
the body even though these tails  are located symmetrically with respect 
t o  t h e  body ( f i g .  3) .  The f low-f ie ld  e f fec ts  a re  sens i t ive  to  the  loca-  
t i o n  of t he   ho r i zon ta l   t a i l   w i th   r e spec t   t o   t he   ve r t i ca l   t a i l  and would 
be expected t o  change w i t h  Mach  number as  wel l  as  with ver t ical- ta i l  p lan 
form and section. 
Some ef fec ts  of the modifications of t he  ve r t i ca l - t a i l  p l an  form on 
the pitching-moment character is t ics  for  the high-tai l  configurat ion 
( f ig .  3)  are  shown i n  f i g u r e  4 w i t h  the wing removed. These modifications, 
which were designed to  re locate  the leading edge of t h e  v e r t i c a l  t a i l ,  had 
a  pronounced e f f ec t  on Cm and on the  var ia t ion of Cm,o with p.  
Effects of auxiliary canard surfaces.- Perhaps the most frequently 
suggested means for  reducing the s tabi l i ty  level  at supersonic speeds i s  
the use of auxiliary canard surfaces in conjunction with a conventional 
horizontal- ta i l  p i tch control .  Such surfaces,  of  course,  provide a 
destabi l iz ing moment which reduces the pitch-control requirements. In 
addition, the canard surface may be deflected to provide additional pitch 
control.  Results for a 40’ sweptback-wing a i rp l ane  a t  M = 1.89 w i t h  an 
auxiliary canard surface are reported in reference 7 and some re su l t s  a r e  
shown in  f igu re  5. The addition of the canard at zero deflection provides 
a subs tan t ia l  reduct ion  in  s tab i l i ty  and an  increase  in  t r i m  CL. With 
the canard deflected loo, an addi t ional  increase in  t r i m  CL was obtained. 
The use of auxiliary canard surfaces would a l so  reduce the s tabi l i ty  
a t  subsonic speeds so tha t  a t  t hese  speeds it may be necessary t o  r e t r a c t  
the canard surface, allow it to  f loa t  f r ee ly ,  o r  be controlled by a servo- 
control  system such t h a t  it acts  as  a free-floating surface.  
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Characterist ics of basic canard-type configuration.- Another approach 
t o  t h e  l o n g i t u d i n a l  s t a b i l i t y  problem i s  through the use of a basic canard- 
type configuration rather than auxiliary canard surfaces added t o  a con- 
ventional configuration. The s t a b i l i t y  and control  character is t ics  of two 
such basic canard configurations a t  M = 1.41 and 2.01 are  presented in  
reference 8. The purpose of the basic canard configuration would be not 
only t o  reduce  the  s tab i l i ty  leve l  a t  supersonic speeds but also t o  reduce 
the longitudinal stabil i ty increase that occurs in going from subsonic 
speeds t o  supersonic speeds. This reduction i n  s t a b i l i t y  through the 
transonic range i s  p a r t i a l l y  accomplished through the elimination of t he  
afterbody and the conventional rearward horizontal t a i l  s o  tha t   t he  lift 
carry-over effects of t he  wing on the afterbody and the do-mwash changes 
a t  t he  t a i l  are avoided. Thus, inasmuch as t h e  s t a t i c  margin may be kept 
small because it i s  essent ia l ly  invariant  with Mach number, the  cont ro l  
def lect ions required for  trimming may be kept small. The control  effec-  
t iveness of canard surfaces may benefit through the use of a long moment 
arm with only small deflections and Lifts required so  t h a t   t h e  wake e f f ec t s  
and drag from the canard surfaces would be minimized. The use of a long 
moment a r m  i s  compatible with the current trend toward large bodies of 
high f ineness  ra t io .  In  addi t ion,  other  problems that  are  associated with 
the wing downwash effects  or  je t -exhaust  effects  on rearward t a i l s  might 
be avoided through the use of canard configurations. 
A comparison of the var ia t ion of t he  s t a t i c  l ong i tud ina l  s t ab i l i t y  
parameter aCm/aCL with Mach number fo r  a sweptback-wing tail-rearward 
configuration and a 60° delta-wing canard configuration (ref. 8) i s  shown 
i n  f i g u r e  6. Because  of the elimination of the conventional afterbody 
and ta i l ,  t he  change i n  t h e  l e v e l  of s t a b i l i t y  from subsonic t o  supersonic 
speeds i s  considerably less for the delta-wing canard configuration than 
fo r  t he  sweptback-wing tail-rearward  configuration. Thus, t h e  s t a b i l i t y  
parameter for the canard eonfiguration could be safely reduced t o  a low 
level  in  order  to  reduce the pi tch-control  requirements ,  whereas the 
s t a b i l i t y  parameter for  the ta i l - rearward arrangement could only be 
reduced about 0.05 before  neut ra l  s tab i l i ty  would be encountered a t  sub- 
sonic speeds. 
The use of canard configurations a t  low speeds may provide some 
problems  such as t h a t  of  trimming t o  maximum l i f t .  However, t he  r e su l t s  
of low-speed studies (such as those reported i n  r e f s .  9 and 10) indicate  
tha t  these  problems are not insurmountable. 
Comparison of canard and ta i l less  configurat ions.-  The s t a b i l i t y  
change with Mach number can a l so  be  minimized through the use of delta- 
wing ta i l less  configurations. However, ta i l less  configurat ions may s t i l l  
experience t r i m  and control deficiencies because of the inherent ly  short  
moment a r m  for  the control  surfaces .  
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A comparison of the longitudinal t r i m  cha rac t e r i s t i c s  fo r  a tailless ' 
configuration and a canard delta-wing Configuration (ref. 8) at a Mach 
number of 2.01 i s  shown i n  f i g u r e  7. The value of aCm/&L for  bo th  
configurations w a s  -0.15. The resulrts indicate a considerably higher 
maximum t r i m  l i f t  f o r   t h e  canard configuration that could be reflected 
i n  s ign i f icant  performance gains. For example, with an assumed wing 
loading of 100 pounds per square foot, the maximum t r i m  l i f t s  obtained 
would permi t  leve l  f l igh t  at 70,000 feet  for the canard configuration, 
as  compared wi th  l eve l  f l i gh t  a t  48,000 f e e t   f o r   t h e   t a i l l e s s   a i r c r a f t .  
In  ad.dition, the higher maximum t r i m  l i f t  avai lable  would r e s u l t   i n  
greater maneuverability for the canard configuration than for t h e   t a i l l e s s  
configuration. 
The canard configuration indicates higher trimmed values of L/D 
than those obtained for the tail less configuration although the compar- 
ison of L/D f o r  t h e  two configurations i s  affected by the difference 
i n  minimum drag. However, wi th  the  drag  for  the  ta i l less  a i rc raf t  
ad jus ted  to  the  same  minimum value as for the canard aircraft ,  the m a x i -  
mum trimmed value of L/D f o r  t h e  t a i l l e s s  a i r c r a f t  would  be  about 
4.3 compared t o  5.6 fo r  t he  canard configuration. 
A comparison of the trimmed and untrimmed (Sc or  8, = 0) r e su l t s  
f o r  t h e  t a i l l e s s  and canard configurations i s  shown i n  f i g u r e  8. The 
primary e f f ec t  of trimming i s  apparent in  the  l i f t -curve  s lopes .  The 
canard control has essentially no e f fec t  on the  l i f t  curve inasmuch as 
the posi t ive l i f t  increments from the canard are offset by s l ight  losses  
i n  wing lift. On the other hand, def lect ion of the t ra i l ing-edge f lap 
control  for  the ta i l less  configurat ion causes  a reduct ion  in  l i f t -curve  
slope. Thus, in  order  to  maintain a constant l i f t  i n  t r i m ,  t h e  t a i l l e s s  
configuration must opera te  a t  a higher angle of a t tack  and, hence, a t  a 
higher drag. 
Longitudinal-stabil i ty characterist ics of canard configuration over 
wide Mach number range.- The longi tudinal-s tabi l i ty  character is t ics  
throughout a large Mach  number range f o r  a canard airplane with an 
unswept-tapered wing are  shown i n  f igu re  9. These r e s u l t s  were obtained 
from t e s t s  of one model i n   t h e  Langley high-speed 7- by 10-foot tunnel, 
the Langley 4- by 4-foot supersonic pressure tunnel (ref. 8), and the 
Langley Unitary Plan wind tunnel. The resu l t s  ind ica te  a moderate 
increase  in  longi tudina l  s tab i l i ty  from subsonic t o  supersonic speeds 
tha t  i s  somewhat greater  than that  indicated by the delta-wing canard 
airplane (f ig .  6) but is s t i l l  less than the increase generally experi-  
enced by ta i l - rearward  a i rcraf t .  
A transonic drag-rise factor of approximately 2 i s  indicated and 
r e l a t ive ly  low minimum drag values were obtained in the supersonic range. 
The  naximwn trimmed values of L/D vary  from  about .4.5 a t  M = 1 . 4 1  
t o  5.8 a t  M = 4.65. R e l a t i v e l y  l i t t l e  loss i n  L/D due t o  trimming i s  
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indicated,  par t icular ly  a t  the higher Mach numbers where t h e  s t a b i l i t y  
l e v e l  i s  lowest. The s t a b i l i t y  parameter aCm/aCL for   th i s   conf igura-  
t i o n  could be safely reduced by a t  l e a s t  0.10 s o  t h a t  t h e  trimmed values 
of L/D would approach the untrimmed values. 
Direct ional '   Stabi l i ty  
The d i r e c t i o n a l  s t a b i l i t y  parameter Cnp, as pointed out i n  r e f e r -  
ence 1, i s  characterized by a rapid decrease with increasing supersonic 
speed. The primary aerodyndc  ef fec t  involved  i s  the l i f t -curve s lope 
of t h e   v e r t i c a l  t a i l  which begins t o  decrease with increasing supersonic 
Mach number, whereas the forces and moments  on the fuselage remain essen- 
t i a l ly  cons t an t .  The fundamental problem i n  maintaining adequate s t a t i c  
d i r e c t i o n a l  s t a b i l i t y  f o r  many current designs i s  in  the  la rge  uns tab le  
yawing moment of the fuselage that  must be overcome by t h e  t a i l .  These 
large unstable moments general ly  resul t  from the use of large fuselages 
with high-fineness ratio and far rearward center-of-gravity positions. 
Such fuselage shapes are usually required to provide the volume necessary 
t o   s t o r e   t h e  equipment and f u e l  and s t i l l  provide a low-drag p r o f i l e .  
The far rearward center-of-gravity positions occur because it i s  neces- 
sary to  locate  large je t  engines  i n  the  r ea r  of the fuselage.  The trend 
in fuselage design i s  i l l u s t r a t e d  i n  f i g u r e  10 wherein three single- 
place,  single-engine  fighter  airplanes  ranging  from  the World War I1 I 
period t o  t h e  time of the publication of t h i s  r epor t  are compared. These \ 
designs are drawn t o  t h e  same scale  and are  a l ined with their  centers  of 
g rav i ty  in  the  same plane. The large increase in fuselage length forward 
of the center of gravity i s  apparent. The t a i l  length has not changed 




Because of these changes i n  fuselage shape, a considerable portion 
of t h e  v e r t i c a l - t a i l  c o n t r i b u t i o n  t o  d i r e c t i o n a l  s t a b i l i t y  i s  required 
t o  overcome the fuselage instabil i ty,  while a proportionately smaller 
amount of the t a i l  contribution i s  available to provide a posi t ive margin 
of s t a b i l i t y .  Hence, any l o s s  i n  t a i l  contr ibut ion ar is ing from such 
f ac to r s  as decreasing t a i l  l if t-curve slope,  aeroelasticity,  wing-fuselage 
wake, interference flow fields,  or forebody vorticity would subtract  
d i r e c t l y  from t h e   s t a b i l i t y  margin. 
Thus, wi th  an  in i t ia l ly  low l e v e l  of d i r e c t i o n a l  s t a b i l i t y  a t  low 
angles of attack, many current supersonic designs become p a r t i c u l a r l y  
sensit ive to angle-of-attack changes since with increasing angle of 
attack the induced wake and v o r t i c i t y   e f f e c t s  appear i n   t h e  wing and 
fuselage  f low  fields.  (See, f o r  example, refs. 11 t o  13.) 
Estimated vertical-tail  contribution a t  CL = 0'. - The accurate pre- 
dict ion of t h e  v e r t i c a l - t a i l  c o n t r i b u t i o n  t o  d i r e c t i o n a l  s t a b i l i t y  i s  
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difficult  because of the many fac tors  that a f fec t  the flow at the tail .  
A cor re la t ion  of estimated and experimental values of the v e r t i c a l - t a i l  
cont r ibu t ion   to  lateral force 
These r e s u l t s  were obtained for a number of models tested i n   t h e  .Langley 
4- by &-foot supersonic pressure tunnel i n   t h e  Mach number range from 
1.4 t o  2. The estimated  values were obtained by, first, determining  the - 
l i f t -curve  s lope  for  the  exposed portion of the v e r t i c a l  t a i l  i n  a uniform 
free-stream flow field w i t h  the assumption t h a t   t h e  body forms a perfect 
end p la te .  Then a f ac to r  was app l i ed  to  this s lope-by the method  of 
reference 14 t o  account for the  l i f t  carry over between the t a i l  and the 
body. Although this  method of e s t ima t ing  the  t a i l  con t r ibu t ion  i s  arbi-  
t r a ry ,  t he  r e su l t s  i nd ica t e  a f a i r l y  even scat ter  about  the l h e  of per- 
f e c t  agreement. The s c a t t e r  i s  quite large,  however,  and indicates dif- 
ferences between the estimated and experimental values thus far obtained 
as large  as 20 t o  25  percent. These differences  are  a r e s u l t  of changes , 
i n   t h e  flow f i e l d  that a re  induced by such things as the  body, wing, and 
horizontal  t a i l  and are not accounted for in the estimated values. Some 
of these factors  that affect  the flow field are discussed in the following 
sections.  - ,. 
t 
PP) v .  at a = Oo i s  sham i n  f i g u r e  11. 
Effect of wing posit ion.-  Some ef fec ts  of the  body and wing on the 
ve r t i ca l - t a i l   con t r ibu t ion   t o  and C a r e  sham i n   f i g u r e  l2 f o r  
a 45' sweptback-wing  model a t  M = 1.41.and 2.01. With the wing off,  the 
ve r t i ca l - t a i l   con t r ibu t ion   t o  CyP and CnP (difference between t a i l - o n  
and tail-off curves) decreases w i t h  increasing angle of attack because of 
the sidewash induced by body vor t ic i ty .  As pointed out in reference 1, 
the addition of a high wing t o  a c i rcular  body causes an additional side- 
wash d i s t r i b u t i o n   i n   t h e  wing wake tha t  i s  adverse above the center of 
the  wing wake and favorable below. The addition of a low wing, on the 
other hand, causes  additional  sidewash  distribution  that  i s  favorable 
above and adverse below the center of the wing wake. Thus, a t  a = Oo, 
the  contribution of t h e   v e r t i c a l   t a i l   t o  Cy and CnP i s  decreased by - 
the addition of the high wing and increased by the addi t ion of the low 
wing ( f ig .  12) . A s  the angle of attack is increased, the afterbody and 
v e r t i c a l   t a i l  must move  down through the wing-induced sidewash f i e l d s  
w i t h  t he  r e su l t  ( s ee  f ig .  12) tha t ,  for  the  high-wing arrangement, the 
ta i l  contr ibut ion decreases  while  the wing-body becomes less unstable, 
whereas fo r  t he  low-wing arrangement, t he  t a i l  con t r ibu t ion  i s  essent ia l ly  
constant but the wing-body configuration becomes  more unstable. The 
d i r ec t iona l   s t ab i l i t y   fo r   t he  complete model decreases w i t h  increasing 
angle of a t tack in  both cases ,  however, because of the decreased t a i l  
contr ibut ion for  the high-wing configuration and because of an increase 
i n   t h e   i n s t a b i l i t y  of t he  wing-body model fo r   t he  low-wing configuration. 
cyP 
P 
In   addi t ion  to   the  xpected  i f ference  in   the  level  Of and Cy 
P 
between M = 1.41 and 2.01 ( f ig .  12), the  effects  of wing position appear 
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t o  be l e s s  a t  the higher Mach number. There are  several  factors  that  
may con t r ibu te  to  th i s  l e s sen ing  of t he  e f f ec t s  of  wing posit ion.  For 
one thing, because of the decreased wing l i f t -curve s lope a t  the higher 
Mach number, the  s t rength  of the wing-body induced vortex flow and t h e  
resultant sidewash angle a t  the  t a i l  may be reduced. A decrease in  wing- 
pos i t ion  e f fec ts  might a l s o   r e s u l t  from the decreased t a i l  l i f t -curve  
slope which, even f o r  a constant sidewash angle at t he  t a i l ,  would result 
i n  a smaller incremental change in  ve r t i ca l - t a i l  con t r ibu t ion .  
\ 
An addi t iona l  e f fec t  to  cons ider ,  par t icu lar ly  a t  Mach numbers above 
about 2, i s  the  change with angle of a t tack  of t he  dynamic p res su re  in  
the wing flow field. This change.involves an increase in dynamic pres- 
su re   i n   t he  compression f i e l d  below the wing and a decrease i n  dynamic 
pressure in  the expansion f ie ld  above t h e  wing. Above M = 2 these  
pressure changes become la rge  and, when coupled with the fact  that  the 
wing Mach l i n e s  become directed more nearly. over the afterbody and t a i l ,  
may outweigh the  e f f ec t s  of forebcdy and wing-body vor t ic i ty .  Under 
these conditions the high-wing configuration may have more favorable 
d i rec t iona l  charac te r i s t ics  than  the  low-wing configuration since, with 
increasing angle of attack, the afterbody and t a i l  would tend t o  move 
down i n t o  a high dynamic pressure  f ie ld  for  the  high-wing configuration 
whereas f o r  t he  low-wing configuration the afterbody and t a i l  would be 
\ subjected more t o   t h e  low pressure   f ie ld  above the  wing. 
-Ver t ica l - ta i l  p ressure  d is t r ibu t ion . -  The changes i n  t a i l  contribu- 
t i on  wi th  wing posi t ion and with angle of a t t a c k  f o r  M = 1.41  and 
M = 2.01 ( f ig . -12)  a re  the  resu l t  of induced sidewash a t  t h e  v e r t i c a l  
t a i l .  Some pressure measurements have been made on a v e r t i c a l  t a i l  t o  
determine the magnitude of these effects  for  var ious wing locat ions.  
Some of t hese  r e su l t s  fo r  M = 1 .41  are shown i n  f i g u r e s  13 and 14 f o r  
the  same model used in  obta in ing  the  force  resu l t s  shown i n   f i g u r e  12. 
and p = -5' ( f ig .  l3), t he  e f f ec t  of t he  wing-induced  sidewash i s  t o  
increase the local  angle  of s ides l ip  and the corresponding section 
loading for  the low-wing configuration and t o  decrease the local angle 
of s ides l ip  and corresponding section loading for the high-wing config- 
uration. The complete  span  loading  cy cv of t h e  v e r t i c a l  t a i l  f o r  
\ For a chordwise s ta t ion   near   the   roo t  of t h e   v e r t i c a l  t a i l  at a = Oo 
CTT 
1 p = -5O at  a = 0' and l5O i s  shown i n  f i g u r e  14. A t  a = Oo, t h e  
span loading i s  uniformly increased for the low wing and uniformly 
decreased for the high wing. A t  a = l5', t h e  same general changes occur 
although the wing e f f ec t s   a r e  combined with body e f f ec t s  so t h a t   t h e  
changes i n  span loading are less uniform. The influence of the body flow 
at  a = 15' i s  apparent near the root of t he  t a i l  where the  sec t ion  





or low posit ions.  
.. . 
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The changes i n  t a i l  contribution with angle of a t tack could also 
r e s u l t  from dynamic pressure changes rather  than from sidewash angle 
changes.  This i s  not  l ikely,  however, since some d i rec t iona l  cont ro l  
inves t iga t ion  ( for  example, re fs .  ll and 12) indicate  that  the effect ive-  
ness of a rudder or all-moving ve r t i ca l  t a i l  is maintained even though 
t h e   t a i l   c o n t r i b u t i o n   t o  C and C diminishes. This character- 
i s t i c  i s  indicat ive of a flow angle change at the  t a i l  rather than a 
dynamic pressure change. 
YP 
Comparison of supersonic and subsonic sidewash effects.- The super- 
sonic  effects  of the  wing-induced sidewash a t   t h e   v e r t i c a l   t a i l  up t o  
M =  2 are  similar to  those  determined a t  low speeds. In figure 15, a 
comparison i s  made of the wing-position effects on the experimentally 
determined t a i l  f ac to r  qv f o r  4-5' sweptback-wing  models a t  subsonic 
and supersonic  speed ( M  = 2.01). The subsonic  resul ts  ( ref .  15) and 
the supersonic  resul ts  ( ref .  16) indicate essentially the sane effects 
of wing height and angle of attack. 
Effects of fuselage forebody on t a i l  contribution.- The t a i l  con- 
t r i b u t i o n   t o   d i r e c t i o n a l   s t a b i l i t y  may be affected by a number of other 
things such as body cross-sectional shape, inlets,  canopies,  and hori- 
z o n t a l  t a i l s .  Some e f f ec t s  of fuselage forebody shape on t h e  l a t e r a l  
and d i r ec t iona l  s t ab i l i t y  cha rac t e r i s t i c s  of a fuselage and fuselage- 
ver t ica l - ta i l  conf igura t ion  a t  M = 1.41 a re  shown i n  f i g u r e  16. These 
fuselages have the sane volume and cross-sectional-area distribution but 
d i f f e r  i n  forebody cross-sectional shape - one having a circular  shape, 
one having a v e r t i c a l l y   e l l i p t i c a l  shape, and one having a horizontally 
e l l i p t i c a l  shape. The resu l t s  ind ica te  a s l i g h t  i n c r e a s e  i n  t a i l  c o n t r i -  
bution with increasing angle of a t tack  for  the  hor izonta l ly  e l l ip t ica l  
forebody when compared to  tha t  fo r  t he  c i r cu la r  forebody. With the  
v e r t i c a l l y  e l l i p t i c a l  forebody, however, there  i s  a considerable decrease 
i n  t a i l  contribution w i t h  increasing angle of a t tack  and the indicat ions 
a re  tha t  the  ta i l  cont r ibu t ion  reverses  above a = 12'. 
The e f f ec t  of a wing on the  d i rec t iona l  charac te r i s t ics  of a model 
with a forebody with protuberances simulating side i n l e t s   i s  shown i n  
f igure 17 f o r  a 35' sweptback-wing configurat ion at  M = 1.61. With the 
wing off, the induced flows around the body r e s u l t   i n  a rapid decrease 
i n  t a i l  contribution and, in  fac t ,  ind ica te  a r eve r sa l  i n  t a i l  con t r ibu -  
t i o n  above a = 14O. With the wing i n s t a l l e d  i n  a semihigh position, the 
t a i l  contribution i s  reduced s l i g h t l y   a t  low angles of attack, but w i t h  
increasing angle of a t tack,  the wing apparently shields the t a i l  from some 
of the body flow f i e l d   a r i s i n g  from the side protuberances and the decrease 
i n   t a i l   c o n t r i b u t i o n  i s  much less than for the wing-off case. 
Effects of horizontal  tail.- The ef fec ts  of a h o r i z o n t a l   t a i l  on the 
d i r e c t i o n a l  s t a b i l i t y  of two 4 5 O  sweptback-wing airplane models are  sham 
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i n  f i g u r e  18 f o r  a high-  and low-tai l  posi t ion a t  M = 1.41. The addi- 
t i o n  of the horizontal  t a i l  a t  CL = 0' i n  e i t h e r  a high o r  low posi t ion 
causes an increase i n  d i r e c t i o n a l  s t a b i l i t y .  With increasing angle of 
attack, the increase provided by the low t a i l  becomes smaller whereas the 
increase provided by the high t a i l  becomes la rger .  The r e s u l t s  shown i n  
f igure 18 a re  fo r  t he  t a i l  fixed a t  zero deflection, whereas i n  f i g u r e  19 
deflections of the horizontal t a i l  i n  a direct ion to  provide longi tudinal  
t r i m  ( trail ing-edge up) a t  high angles of a t tack  a re  shown t o   r e s u l t   i n  
an inc rease   i n   d i r ec t iona l   s t ab i l i t y   w i th   t he  low t a i l  and a decrease i n  
d i rec t iona l   s tab i l i ty   wi th   the   h igh  t a i l .  
Effects of vent ra l  f ins . -  A r e l a t i v e l y  simple way t o  augment the  
d i r e c t i o n a l  s t a b i l i t y  i s  through the use of ven t r a l  f i n s .  The e f f e c t s  
of v e n t r a l  f i n s  on the  d i r ec t iona l  s t ab i l i t y  of two configurations at 
M = 2.01 are  shown i n  f i g u r e  20. The s i n g l e  v e n t r a l  f i n  mounted  on the  
bottom center line of the fuselage adds an essentially constant increment 
t o  Cn through  the  angle-of-attack  range  for  both  configurations. The 
addition of four small c ruc i form f ins  to  one of the configurations has 
l i t t l e  e f f e c t  a t  a, = Oo but provides a subs t an t i a l  i nc rease  in  
with increasing angle of attack. A fur ther  descr ipt ion of th i s  type  of 
f i n  arrangement may be found in  re ference  17. 
P 
CnP 
I Effects of afterbody  modification.- Inasmuch as the  fundamental 
, problem i n  maintaining  adequate  directional  stabil i ty  for  current  high- 
speed a i r c r a f t  stems from the large unstable moments of the fuselage, 
This plan might involve reshaping of the fuselage o r  t he  use of multiple- 
body arrangements. 
I some consideration  should  be  given  to reducing  this  source of i n s t a b i l i t y .  
I 
Some preliminary directional characterist ics obtained for a body- 
afterbody  shapes a t  M = 2.01 a re  shown i n  f i g u r e  21. The basic body 
rearward 20 percent of the body was modified t o  have e l l i p t i c a l   c r o s s -  
sections with the major ax is  ver t ica l .  The  maximum r a t i o  of t he  major 
a x i s  t o  t h e  minor axis w a s  2.25 a t  the base of the body. Both bodies 
maintained the same cross-sect ional-area dis t r ibut ion.  The v e r t i c a l  t a i l  
for both bodies had the same t o t a l  a r e a  t o  t h e  body center  l ine.  Thus, 
the exposed area of t he  t a i l  was l e s s   f o r   t h e   e l l i p t i c a l  body than  fo r  
the  basic  body. 
i alone  configuration and a combination of body and v e r t i c a l  t a i l  with two 
! had a circular   cross   sect ion and a length-diameter r a t i o  of 11. The 
I 
The e f f e c t  of t h e  modified afterbody was substant ia l ly  to  reduce the 
i n s t a b i l i t y  of t he  body throughout the angle-of-attack range. With the  
v e r t i c a l  t a i l  added, the  ga in  in  s tab i l i ty  provided  by t h e   e l l i p t i c a l  
afterbody was about  half  that  indicated for  the body alone. However, 
wi th  the  e l l ip t ica l  a f te rbody,  the  exposed t a i l  area i s  reduced about 
25 percent and the  aspec t  ra t io  of the t a i l  i s  reduced. 
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The e f f ec t s  of the addi t ion of a 45' sweptback wing in   bo th  a high 
and low pos i t i on   fo r  the body wi th   the   ver t ica l ly   e l l ip t ica l   a f te rbody 
both w i t h  and without a v e r t i c a l  t a i l  a r e  s h a m  i n  f i g u r e  22 f o r  M = 2.01. 
The e f f ec t s  of wing pos i t ion   for   the  model w i t h  t he   e l l i p t i ca l   a f t e rbody  
are  qua l i ta t ive ly  the  same as  for  a conventional afterbody. (See f i g .  12, 
f o r  example. ) That is, with increasing angle of attack, the addition of 
the high wing reduced the instability of the wing-body combination but 
a l so  reduced the  t a i l  contribution; whereas, the addition of the low wing 
increased   the   ins tab i l i ty  of the wing-body combination but had l i t t l e  
e f f ec t  on the  t a i l  contribution. Quantitatively, however, i n  comparison 
to  resul ts  for  the convent ional  af terbody,  the effects  of wing posi t ion 
w i t h  the   e l l ip t ica l   a f te rbody were more pronounced f o r   t h e   t a i l - o f f  
configurations and l e s s  pronounced for  the ta i l -on contr ibut ion.  There- 
fore,  unlike the model wi th  a conventional afterbody (fig. 12), the model 
w i t h  t he  ve r t i ca l ly  e l l i p t i ca l  a f t e rbody  ( f ig .  22) has higher  direct ional  
s t a b i l i t y  and lower t a i l  loads w i t h  the high wing than with the low wing. 
Effects of small-span forebody fins.- Some preliminary results have 
been obtained a t  M = 2.01 t o  determine the effects of small-span fore- 
body fins, called strakes, extending over the forward 30 percent of the  
body, on the  d i r ec t iona l  s t ab i l i t y  cha rac t e r i s t i c s  of a model w i t h  a 60° 
de l t a  wing (f ig .  23) .  The strakes,  which  were mounted on the horizontal  
center l ine,  had a span of 0.1 of the body diameter. The ef fec ts  of the 
strakes were t o  reduce  the  d i rec t iona l  ins tab i l i ty  of the wing-body com- 
bination at  higher angles of attack as well  as to  increase  the  t a i l  con- 
t r i bu t ion  s l igh t ly  so t h a t  a subs t an t i a l  i nc rease  in  d i r ec t iona l  s t ab i l i t y  
was realized. These r e s u l t s  a r e  i n  general- agreement with results obtained 
f o r  a 45' sweptback-wing configuration at  high subsonic speeds ( r e f .  18) 
and at M = 1.41 (unpublished). 
Character is t ics  of multiple-body configurations.- Low-speed t e s t s  of 
a multiple-body configuration (ref. 19) ind ica te  tha t  the  d i rec t iona l  
s t a b i l i t y  improved considerably over that for a conventional configura- 
tion, primarily because of a decrease i n   t h e   i n s t a b i l i t y  of the wing-body 
combination with increasing angle of attack. This decrease resul ts  in  
par t  from the elimination of the center  af terbody that  is  general ly  
adversely affected by the vorticity induced by the forebody and the  wing- 
body juncture.  In addition, the two outer bodies provide a s t ab i l i z ing  
increment i n  w i t h  increasing angle of attack because of the forward 
location of the center  of gravity w i t h  respect  to  the outer  bodies .  
Similar characterist ics might be expected at supersonic speeds. 
CnP 
In addition, multiple-body configurations (such as t h a t  shown i n  
f ig .  24) may o f fe r  some re l i e f  t o  the  ine r t i a  coup l ing  problem and may 
also provide horizontal-tail  locations suitable from the standpoint of 
p i t  ch-up . 
CONCLUDING R F W S  
A survey w a s  made of the problems introduced by the increased longi- 
t u d i n a l  s t a b i l i t y  and reduced direct ional  s tabi l i ty  of a i rc raf t  opera t ing  
i n  t h e  low supersonic speed range. The increased longi tudinal  s tabi l i ty  
resul ts  in  high drags due t o  trimming and in  l imi ted  cont ro l  f o r  
maneuvering. 
The untrimmed pitching moments can be reduced and hence the  cont ro l  
requirements can be alleviated t o  some extent through the use of fuselage 
camber. The use of canard configurations offers promise of reducing the 
drag due t o  trimming and increas ing  the  cont ro l lab i l i ty .  
The primary problem of concern i n   t h e   c a s e  of d i r e c t i o n a l   s t a b i l i t y  
a t  supersonic speeds i s  the reduct ion in  l i f t -curve s lope of t h e  v e r t i c a l  
t a i l  coupled with the large unstable yawing moment  of the fuselage.  The 
ver t ica l - ta i l  cont r ibu t ion  i s  shown t o  be affected by many f ac to r s  
including the wing posit ion,  the fuselage shape, and the  hor izonta l - ta i l  
posit ion.  The d i r e c t i o n a l  s t a b i l i t y  can be increased, particularly a t  
high angles of attack, by such devices as ven t r a l  f i n s  and forebody 
strakes.  In addition, indications are t h a t  t h e  d i r e c t i o n a l  s t a b i l i t y  
might be improved through modifications t o  the fuselage afterbody. 
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Figure 1.- Effect of fuselage camber on longi tudina l  s tab i l i ty  
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Figure 2.- Effect of fuselage-forebody  deflection on longitudinal 
stability  characteristics at M = 2.01. 
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Figure 3.- Effect of horizontal-tail  position on variation of C,,o 







Figure 4.- Effect  of  vertical-tail  plan  form  on  pitching-moment 
characteristics of BVH configuration  at M = 1.41. I 
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Figure 5.- Effects of auxiliary  canard on longi tudina l   s tab i l i ty  and control   character is t ics  of 2 
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Figure 6.- Variation of longitudinal-stability  parameter  with  Mach 
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Figure 7.- Trimmed longi tudina l  s tab i l i ty  charac te r i s t ics  f o r  canard 
and t a i l l e s s  delta-wing configurations at M = 2.01. 
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Figure 8.- Comparison of trimmed and untrimmed long i tud ina l  s t ab i l i t y  
charac te r i s t ics  fo r  canard and t a i l l e s s  delta-wing configurations 
a t  M = 2.01. 
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Figure 9.- Variation of longitudinal-stability  characteristics  with 
Mach  number for canard  configurat,ion. 
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Figure 11.- Correlation of estimated and experimental  values of vertical- 
tail contribution to Cy M = 1.4 to 2.0; a = 0’. 
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( a )  M = 1.41. (b) M = 2.01. 
Figure 12.- Effect of wing  position  on  directional  stability  characteristics  of a 45' sweptback- 
wing  model. 
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Figure 13.- Effect of wing posi t ion on ver t ica l - ta i l   sec t ion   pressure  
d is t r ibu t ion  of a 4 5 O  sweptback-wing model. a = 0'; p = -5'; M = 1.41. 
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Figure 14.- Effects of wing position on v e r t i c a l - t a i l  span-load dis t r ibut ion of a 4 5 O  sweptback- 
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Figure 15.- Effect of wing posit ion on ve r t i ca l - t a i l   e f f i c i ency  of a 45' 
swept-wing model a t  subsonic and supersonic speeds. 
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Figure 16.- Effect of forebody shape on ver t ica l - ta i l  cont r ibu t ion  at 
M = 1.41. 
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Figure 17.- Effect of wing on ver t ica l - ta i l  cont r ibu t ion  of a 33' 
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(a) a = 5.2'. (b) a = 4.2'. 
Figure 19.- Effects  of  horizontal-tail  deflection  on  directional-stability  characteristics  for 
high  and low horizontal  tails at M = 2.01. 
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Figure 21.- Effect of afterbody  shape  on  directional-stability 
characteristics at M = 2.01. 
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Figure 22.- Effect of wing position  on directional characteristics of 
configuration with vertically  elliptical  afterbody at M = 2.01. 





Figure 23.- Effect  of forebody  strakes on the  directional  stability 
characteristics  of a 60° delta-wing  configuration  at M = 2.01. 
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